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1. Introduction

Research about degradable magnesium alloys is of increasing
interest for material scientists, biologists and clinicians. As the first
products are already clinically available [1], a higher awareness of
this topic has been achieved. Unfortunately, not too many research
groups are interested in getting a mechanistic insight into the un-
derlying processes due to the high complexity of the degradation
process under physiological conditions. A main reason for this is the
comparably aggressive environment — salt-containing fluids, the
presence of sugars and proteins and the application of cell culture
conditions. Moreover, one additional quite difficult aspect is to keep
sterility of the systems.

1.1. Why are physiological conditions so important?

The easiest and most astonishing experiment to prove this
specific importance is the direct observation of the sample
morphology after immersion in pure/deionized water and cell
culture conditions (Fig. 1). While the samples under atmospheric
conditions exhibit a black surface, typically consisting of Mg(OH)a,
the samples immersed under cell culture conditions show many
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precipitates, which could be identified as MgCOs3 [2,3]. Additionally,
the introduction of cell culture conditions accelerates the degra-
dation rate of all materials, as monitored by the increase of
osmolality.

Despite the fact that cell-based experiments are conducted
under physiological conditions, the environment has a considerable
influence on the degradation behaviour of various materials. This is
not only applicable to degradable metals (i.e. magnesium, iron, zinc,
tungsten), but also to degradable polymers. As it was stated in a
leading opinion paper [4], even for general testing of materials
physiological conditions should be applied when using, e.g. simu-
lated body fluids.

In the case of degradable materials, this is even more inter-
esting, as a continuously changing interface between material and
cells is developing over time. To understand this development is of
utmost importance in this research area. Also, the biological clues
(e.g. cellular communication, the interaction of various cell types,
material — protein interactions) have to be analysed, as they
additionally will have an impact on the material degradation.

This manuscript aims to give an overview about physiological
experimental setups, state some caveats and to help harmonising
laboratory approaches.

2. Simulated or not? The question of appropriate conditions

To choose a suitable physiological solution, it is a critical point to
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Fig. 1. Upper panel: optical morphology of different materials (10 mm diameter) after
72 h incubation in distilled water. Lower panel: Measurement of the change of
osmolality during the 72 h immersion. Solid lines: experiment performed under at-
mospheric condition, dashed lines: cell culture conditions (PhD thesis Die Ti, unpub-
lished results).

evaluate the degradation of Mg alloys and to obtain comparable
in vitro results to in vivo tests. Simulated physiological solutions
with increasing complexity were used to determine the degrada-
tion of Mg: from 0.9% NaCl solution, Hanks balanced salt solution
(HBSS), simulated body fluid (SBF), to cell culture medium.
Different simulated solutions used result not only in different
degradation rates of Mg [5], but also different degradation products
[6,7], suggesting different degradation pathways and degradation
mechanism. Therefore, the choice of a suitable solution for the
evaluation of Mg degradation is of utmost importance.

When a Mg alloy is immersed in a physiological medium, the
contact between the fresh surface and an electrolyte-containing
aqueous medium lead to higher initial corrosion rates. This pro-
cess involves the release of hydrogen and the alkalinization of the
environment as the net reaction shows:

Anodic reaction : Mg —Mg?* + 2e” (1)

Cathodic reaction : 2H,0 +2e~ —20H™ + Hy1 (2)

Overall reaction : Mg + 2H,0=Mg** + 20H™ + Hy 1 (3)

The formed Mg(OH); is the first product in the degradation
process and readily precipitates because of its low solubility of
12 mg/L in water. The strengthening and dissolution of this layer
depend further on the other elements present in the electrolyte and
the time of immersion. However, it has been shown that MgO,
Mg(OH); and MgCOs3 are the main degradation products formed
with the application of HBSS, SBF and Dulbecco's modified eagle
medium (DMEM) [3,8]. Additionally, the solubility of the various
phases is dependent on environmental factors like temperature, pH

and magnesium dissolution [2].

A suitable simulated solution, therefore, should contain three
essential parts: appropriate inorganic ingredients, a buffering sys-
tem and organic components. The detailed compositions of several
common simulated physiological solutions and plasma are
compared in Table 1 with the blood plasma composition. There are
some reports to study the degradation of Mg in physiological saline
(0.9% NaCl) solution [9,10], but they will not be discussed, as the
results obtained with physiological saline solutions are far away or
even contradictory from that obtained under physiological condi-
tions [11]. To gain closer physiological conditions results, simulated
body fluids (SBF) and Hanks' solution are widely used to determine
the degradation rate of Mg, as they have a similar inorganic ion
composition compared to plasma. SBF was developed as a solution
for in vitro measurement of apatite-forming ability on implant
materials and several improved recipes are available (Technical
Committee ISO/TC150) [12,13]. Therefore it is of utmost importance
to state the exact composition or to cite the original publication in
the materials and methods part as a guide for the readers [14].
Compared with other solutions showed in Table 1, SBF has a closer
composition to plasma. However, a significant amount of Ca and Mg
ions present in plasma is bound to proteins, which should be taken
into consideration due to the absence of organic compounds in SBE.
Moreover, Ca%" ions in combination with a high concentration of
HCO3 can largely affect the degradation behaviour of Mg under cell
culture condition [15].

Another critical parameter is the buffering system. A good
simulated body solution should possess the similar buffering ca-
pacity to that of body plasma. Blood pH is regulated by (a) the open
system HCO3/CO; adjusted by the respiration via the lungs, (b)
plasma protein buffers (HPr/Pr~) and (c) a low concentration of
phosphate [12]. However, the most common buffers for
simulated body fluids used are (a) 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), (b) Tris-HCl, (c) CO,/
NaHCOs3 and (d) phosphate. HEPES and TRIS were introduced in the
1960's by Good et al. [32] for systems without CO,-buffering.

The phosphate buffering contribution in human body is low and
only significant in the urine and in the intracellular fluid, due to its
low concentration. The too high concentration of phosphate alters
the chemical properties of the corrosion layer, as they can produce
insoluble salts with magnesium ions and eventually precipitating
on the surface, thereby leading to a different degradation perfor-
mance compared to in vivo conditions [31,33]. Therefore, PBS is not
suitable to simulate or predict degradation behaviour of Mg alloys
under in vivo conditions. In addition, PBS also should be avoided for
live/dead experiment or critical point drying due to the change of
surface condition, as shown in Fig. 2.

Under the same conditions, HEPES increases the corrosion rate
of pure Mg by a factor of up to four times compared with NaHCO3
buffering alone not only in simple salt solutions but also in EBSS
and DMEM [7,25,34—36]. For WZ21 alloy, this factor increased to
approximately 60 in SBF buffered with HEPES (100 mmol/L)
compared with that buffered with CO,/NaHCO3 [18]. Moreover,
HEPES in testing solutions reduces the formation of calcium
phosphate and carbonate in the degradation layer by influencing
the nucleation processes [25,34]. Therefore, HEPES destabilises the
protective layer, generating a less dense degradation layer and
allowing the progressive diffusion of aggressive ions like ClI~ [37].
Also on glass-ceramics it was shown that HEPES leads to a selective
dissolution of Ca-containing phases and is therefore also for this
class of degradable materials not recommended [38].

Tris is also one common buffering used in simulated body fluid,
which also accelerates the degradation rate of pure Mg by a factor
of ten during earlier stage exposure due to the consumption of OH™
[39]. Moreover, when Tris-HCl is present in SBF, pure magnesium is
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Table 1

Compositions of common simulated physiological solutions. Addition of organic components are highlighted in bold.

Ingredient Simulated blood SBF Hank's Earle's Balanced Kirkland's biocorrosion DMEM  E-MEM MEM  Blood Plasma (Dissociated
plasma (SBP) Salt Solution (EBSS) medium (KBM) concentration)

Na* 120.89 142.0 141.6 151 120.3 155.3 151 1444 142

K* 5.37 5.0 5.4 5.4 5.0 5.3 5.4 53 5.0

Ca** 1.80 1.6-2.5 1.3-25 1.8 25 1.8 1.8 1.8 2.5(1.3)

Mg?* 0.87 1.0-15 0.75—-0.87 0.4 0.5 0.8 0.8 0.8 1.5(1.0)

cl- 125.2 103-148.8 144-147 135 102.5 115.7 125 126.2 103

HCO3 2.6 4.2-27 4.2 26.2 26.2 441 26.2 26.2 22-30

HPOZ~ 1.14 1.0 0.3 1 0.9 0.9 0.9 1.0 1.0

H,POs 0.4

SO3 0.87 0.5 0.26-0.8 0.4 0.5 0.8 0.8 0.4 0.5

Amino acids - - - - - 10.60 0.86 (mg/L) 8.54 unknown

Vitamins — — — — 0.15 — 0.32 unknown

Proteins (g/L) — — — — — - — 63—-80

Dex/glucose (g/L) — - 5.6 5.5 25 1 5.5 3.6-5.2

Phenol red (g/L) — — — — 0.04 0.1 0.03 —

Reference [5] [12,16—20] [5,21-24] [20,25] [25] [26—28] [7] [29,30] [7,12,25,31]

Note: All concentrations in mmol/L unless otherwise stated.

more sensitive to pitting corrosion [16]. Similar to HEPES it was
shown for AZ31 alloys that Tris-HCl prevents the formation of
precipitates and degradation products due to the lower local pH
[40]. For WZ21 alloy, the corrosion rate is five times higher in SBF
buffered with 50 mmol/L Tris than that buffered with CO,/HCO3
[18]. Even when the CO,/HCO3 -buffered SBF shows a lower pH than
Tris/HEPES buffered SBF, the degradation rate of pure Mg in SBF
buffered with CO,/HCO3 is the lowest compared to the other
buffered SBFs [18]. This indicates an increase of Mg degradation
caused by the addition of HEPES or Tris (as a pH buffer) results not
only from the lower pH on Mg surface; also possible unidentified
interactions between HEPES/Tris and Mg.

It is not surprising that due to the similarity to the human pH
regulation system, the CO,/HCO3 buffering system is preferable for
in vitro tests instead of HEPES and Tris. The presence of this buff-
ering system causes the shift of equilibrium towards the HCOs3,
leading to the formation of carbonates of ACOs3; type (A- Alkali
metals: lithium (Li, if used as alloying element), sodium (Na), and
potassium (K)). The inclusion of CO; to the testing system lead to a
more stable pH via the equilibrium of HCO3/CO,, also promotes the
formation of carbonate on magnesium surface. Under aqueous
conditions, the presence of CO, results in the formation of a

—500 pym:

Fig. 2. Morphology of Mg-4Y sample after critical point drying with PBS-containing
ethanol.

carbonated film, which is thicker than magnesium hydroxide film
formed in the absence of CO,, resulting in a slower corrosion [41].
Increase of bicarbonate concentration in SBF from 4 (interstitial
fluid content) to 27 mmol/L (blood plasma content) is proven to
increase the passivity of the degradation layer and reduce corrosion
[42]. However, when the bicarbonate concentration increase above
40 mmol/L in SBF, the degradation shows a reversed trend [43]. The
dissociation of bicarbonate into hydrogen protons further un-
dermines the formed Mg(OH), layer, which is expected to be the
reason for the increased degradation. In contrast when proteins are
present, Agha et al. found that NaHCOs (4.2, 22, 44 mmol/L) alone
does not influence significantly the degradation rate of pure Mg in
HBSS -+ 10% FBS under cell culture conditions, indicating an equi-
librium of HCO3/CO, buffering system [15]. At present, many
studies were performed under cell culture conditions (5% COy, 21%
0,, 95% relative humidity), which also was discussed as physio-
logical environment [27,28]. To ensure the dissolution of the CO; in
the testing solution, a set-up with flow conditions for CO, in the
testing container was used in degradation tests [18,21,23,24]. The
inflow of CO, enhance their contact with the testing solution,
thereby increasing the dissolution. Zainal Abidin et al. stressed the
importance of the partial pressure of CO, used according to the
concentration of HCO3 in testing solution, to maintain the pH in the
testing solution constant [21]. The resulting pH under cell culture
conditions is directly correlated to the amount of HCO3 and the
partial pressure of CO; in the incubator (Fig. 3).

Sulphate ion concentration in SBF tends to accelerate corrosion
to some degree during initial stages of immersion [46]. In another
study, the addition of magnesium sulphate (200 mg/L) to
HBSS+10% FBS did not show any considerable influence on degra-
dation except for creating heterogeneity in the degradation layer
[47]. Phosphate buffered SBF increased the corrosion resistance of
Mg-Mn and Mg-Mn-Zn alloys [48]. However, Ca/P ratio in this
study was much lower than that of hydroxyapatite and the
decrease in degradation rate was attributed to the formation of an
amorphous Mg rich phosphate layer.

Organic components play a considerable role in the degradation
of Mg, especially for the biological performance of Mg. In addition,
the plasma proteins are a vital part for physiologic pH regulation
[49]. For a full understanding of Mg degradation process under
physiological conditions, proteins are essential constituents to
include for in vitro investigations. They affect not only the degra-
dation rate, but also the degradation products [7,50]. Although the
underlying mechanism is still unclear, the evident influence of
organic components on degradation behaviour has already been



J. Gonzalez et al. / Bioactive Materials 3 (2018) 174—185 177

stated [51,52]. One recent modeled mechanism of magnesium
degradation is the iron impurity-based re-deposition effect [53]. In
a further study the inhibition efficiency of iron-complexing agents
was analysed, also with the view on in vitro testing of magnesium
alloys for biomedical applications [54]. In this study, corrosion
inhibiting effects of folic acid, ascorbic acid and glucose were
determined, whereas Tris, D-panthenol, streptomycin and peni-
cillin accelerated corrosion markedly. However, the primary iron-
binding entities in physiological condition are proteins. The abun-
dance of proteins in blood has been detected by proteomic ap-
proaches, revealing 490 proteins present [55]. Of these, albumin is
the most abundant protein, and it has been shown that it has a
substantial iron-binding capacity, although the binding is only
weak [56]. The class of beta-globulins, containing fibrinogen and
transferrin are also highly abundant. Transferrin is a dedicated
protein for iron-transport and has a high affinity to bind iron
[57,58]. Fibrinogen has a function as acute phase protein and is
essential for iron regulation [59,60]. This, in turn, is another hint
why there are big discrepancies between results obtained from
more “technical” setups and in vivo conditions. Therefore, it might
be promising to use the CO, buffer system in combination with
protein-containing solutions to exclude the possible influence of
pH changes and to gain a physiological condition.

Walker et al. [35] compared the degradation rate of pure Mg and
five alloys (AZ31, Mg-0.8Ca, Mg-1Zn, Mg-1Mn, Mg-1.34Ca-3Zn)
under in vivo conditions (in a subcutaneous environment in Lewis
rats) with different in vitro media (EBSS; MEM, MEM+40 g/L BSA)
buffered by CO,/HCO3. The degradation rate of samples in EBSS was
comparable to in vivo conditions, and the addition of BSA to MEM
increased the degradation rate of Mg and Mg alloys in this study.
A.H. Martinez Sanchez et al. reviewed the comparison between
in vitro and in vivo results [61]. This review shows that the corrosion
factors for Mg alloys are below 3 for EBSS and SBF, while it is in the
range between 1.5 and 3.5 for MEM. The corrosion factor increases
to a range between 4 and 7 when proteins (BSA) are added.
Therefore, from the point of view of degradation rate prediction,
EBSS and SBF are better choices for the in vitro degradation. This
simplified approach is suitable for material screening purposes.
However, it should be kept in mind, that also the degradation rates
in vivo are highly dependent on the locus of implantation [62].

Although, the degradation products were not considered in
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these studies, the formation of different products indicates
different degradation process and possible different mechanism.
Marco et al. [26] investigated the degradation behaviour of pure
Mg, Mg-10Gd and Mg-2Ag in HBSS, PBS and DMEM under cell
culture conditions. Compared with in vivo tests, DMEM as testing
medium, not only maintains a physiological pH level and produces
a comparable degradation rate to in vivo conditions, but also gen-
erates the degradation layer similar to that formed in vivo. More-
over, the addition of FBS to cell culture media always slows down
the degradation of Mg alloys [7,50,51,63,64]. Similar results were
obtained for iron-based materials, where the introduction of CO; in
the presence of HBSS lead to different degradation products and
patterns [65]. Therefore, cell culture media with FBS, such as,
DMEM; MEM, Alpha-MEM, combined with the CO,/HCO3 buff-
ering, are proposed to use for in vitro investigation for Mg and other
biodegradable materials.

In summary, how to choose an appropriate solution for in vitro
investigation is depending on the intention of the investigation.
Herein, SBF and EBSS in combination with CO,/HCO3 buffering are
suggested for screening materials and comparing the degradation
rate. Whereas, for the study of the degradation behaviour and
mechanisms involved, cell culture media with FBS (MEM, DMEM,
a-MEM) are recommended to obtain a comparable degradation
behaviour to in vivo conditions, although they represent a much
more complex system, higher technical and experimental effort,
and are not standard equipment in material science oriented lab-
oratories. As an overview, the current knowledge about degrada-
tion products under physiological conditions is depicted in Fig. 4.

3. To flow or not to flow? The question of experimental
setups

The difficulty in monitoring the in vivo environmental condi-
tions during magnesium materials degradation has been hindered
the identification of relevant parameters to be translated into a
more realistic in vitro set-up. Nevertheless, previously compiled
information about specific fluid content and blood flow in relevant
human tissues [62] seem to correlate with differences in the
degradation rate founded by pCT for different implant parts in
contact with different tissues [72,73]. These findings point to the
need of addressing the hydrodynamic conditions surrounding the
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tested material with the aim of generating comparable results and
progress into the mechanisms involving magnesium degradation
under physiological conditions.

Evaluation of the hydrodynamic conditions is needed due to
their ability to modulate the rate constant of electrochemical pro-
cesses. Fig. 5 displays the surface electrochemical and chemical
processes involved in magnesium degradation including the
necessary mass transfer processes between the surface region and
the bulk solution. As a consequence of this mass transfer process
and the natural tendency of a fluid to stick to a solid surface, a
gradient of reactants (e.g. H,0) and products (e.g. Mg®* and OH ™) is
stabilised [74]. Depending on the hydrodynamic conditions, the
contribution of the mass transfer can be a major rate-determining
step regarding the overall degradation process.

Several attempts focused recently on the enhancement of
standardisation of in vitro setups for degradable materials [75,76].
This was due to the application of a multitude of set-ups, which
complicate the evaluation of degradation rate or degradation
mechanisms of magnesium alloys (Table 2).

The currently applied testing methodologies can be divided into
two categories; (1) those performed under static conditions, and
(2) those performed under dynamic conditions.

Under static conditions degradation analysis is performed in the
same medium during the whole immersion time [91] or by entirely
or partially replacing it with fresh medium during the immersion
time (semi-static) [7,100,102]. In these cases, mass transfer between
the surface region and the bulk medium is controlled by the pro-
cesses of migration, diffusion and a certain degree of convection
generated by the Hy evolution from the surface according to the
cathodic reaction (Equation (2)).

Dynamic conditions [106] involve the immersion of the material
at a constant or intermittent flow rate of the degradation medium.
The exchange of mass between the surface region and the bulk is
accelerated in this case by an increase in the convective participa-
tion due to the flow applied.

Physiological conditions

 —
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Fig. 5. Schematic description of the degradation process (adapted from Ref. [77])
involving; (a) electrochemical reactions, (b) absorption-desorption processes, (c) mass

transfer processes, (d) precipitation reactions, (e) complexation reaction, (f) acid-base
reactions.

3.1. Caveats for static conditions

The available standards are proposing certain volume to surface
(V/A) ratios for immersion tests [109,110]. The notable difference in
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Fig. 4. Degradation products formed under physiological conditions and the corresponding chemical reactions. Data are compiled from Refs. [7,50,66—71].
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Table 2

Compilation of published immersion tests set-ups used in the characterisation of Mg materials degradation. Studies performed under physiological conditions are highlighted
in bold. Abbreviations: AC: Atmospheric conditions; CCC: Cell Culture Conditions (37 °C, 5% CO,, 95% rH); HBSS: Hank's Balanced Salt Solution; SBF: Simulated Body Fluid;
DMEM: Dulbecco's Modified Eagle Medium; FBS: Foetal Bovine Serum; EMEM: Eagle's Minimum Essential Medium; BSA: Bovine Serum Albumin; MEM: Minimum Essential
Medium; m-SBF: modified Simulated Body Fluid; PBS: Phosphate Buffered Saline; GibcoTM Glutamax®: standardised addition of L-alanyl-L-glutamine; EBSS: Earle's Balanced
Salt Solution; P/S: Penicillin/Streptomycin; PEO: Plasma Electrolytic oxidation coating process; HAp: Hydroxyapatite coating; OCP: Octacalcium phosphate coating; PM:
Powder metallurgy processing; n/a: data not available.

Method Alloy Medium Conditions V/A ratio (mL/cm?) Medium Immersion time Flow rate/FISS Reference
exchange
Static Mg-Mn-Zn HBSS, SBP AC 0.67, 6.67 and 66.7 — 300h - [5]
Static Mg-Ca, AZ31, AZ91 HBSS, DMEM, AC Not reported - 7 days - [78]
DMEM + FBS
Static Pure Mg EMEM ccc 0.17 - 24h - [79]
Static Mg-Ca NaCl + BSA AC, 37°C 88 - 1,2,12h - [80]
Static Mg-Ca HBSS, MEM, AC, 37°C 300 - n/a - [81]
MEM + FBS
Static AZ31 Modified HBSS AC, 37°C 25-50 - 72,90h - [82]
Static M1A SBF, SBF + BSA AC, 37°C Not reported - 1-24h - [83]
Static Pure Mg DMEM CcC 5000 - 16 days - [84]
Static Pure Mg (PM) DMEM AC, 37°C 378 - 1h - [34]
Static AZ31, AZ31-Lu Nacl AC 80 - 7 days - [85]
Static Pure Mg Artificial saliva AC, 37°C 25 - 10 days - [86]
Static AM50, AM50-PEO m-SBF AC, 37°C 14.5 100%/3 days or 60 days - [87]
when pH > 8.0
Static Pure Mg Nacl + glucose, AC, 37°C 30 — 60h — [88]
HBSS + glucose
static AZ31, AZ31-Hap, EMEM+10%FBS AC 50 - 14—52 weeks - [89]
AZ31-0CP
Static Pure Mg, Mg-4Y- PBS. DMEM Glutamax  AC, 37 °C/CCC 30 - 95—-160 h - [90]
3RE, Mg-5Gd, Mg-
10Gd, Mg2Ag,
Mg4Ag, MgbAg
Static Pure Mg, Mg-4Y- DMEM Glutamax ccC 30-50 - 100—-200 h - [91]

3RE, Mg-5Gd, Mg-
10Gd, Mg-2Ag, Mg-

4Ag, Mg-6Ag
Static WE43-Hf SBF/37°C AC, 37°C 20 - 1 day — [92]
Static Mg-3Sn-1Zn- SBF AC, 37°C 25 (ASTM G31-72) — 30 days — [93]
0.5Mn
Static Pure Mg 0.9% NaCl + L- AC, 37°C 30 - 72h — [94]
cysteine + glucose
Static WE43 HBSS Cccc 30-62 — 72h — [95]
Semi-static Pure Mg Nacl, EBSS, EMEM CCC 13.7 55%/day 15d — [7]
Semi-static WE43 SBF AC, 37°C 15 100% Regularly 30 days — [96]
not specified
(to avoid
pH > 8.0)
Semi-static Pure Mg DMEM Glutamax (0,10, CCC Not reported 100%/2—3 days 3d — [70]
20% FBS), HBSS (0, 10,
20% FBS), H,0
(Milipore water)
Semi-static Mg-Nd-Zn-Zr SBF AC, 37°C 30 (ASTM G31-72) 100%/day 120h — [97]
Semi-static Pure Mg, Mg-0.8Ca, EBSS, MEM, CCC, AC, 13.4 (stirring) 55%/day 7,14,21d n/a [98] {Walker,
Mg-1Zn, Mg-1Mn, MEM -+ BSA 37 °C/HEPES 2012 #2}
Mg-1.34Ca-3Zn
Semi-static Pure Mg, WE43, HBSS(+10% FBS), CcC 0.2 100%/day 3d — [99]
E11 DMEM Glutamax
(+10% FBS)
Semi-static AZ31B NacCl, SBF C,37°C 330 100%/day 1, 3,10d — [100]
Semi-static Pure Mg, Mg-xCa, MEM + 10%FBS CCC 23 100%/day 1,2,4d — [101]
Mg-xMn, Mg-xZn
Semi static Pure Mg DMEM CcC Not reported 100%/2—3 days 40d - [102]
Glutamax + 10% FBS
Dynamic AZ31 SBF AC, 37°C 0.79 cm?/mL - 10 min, 2h 0.88 Pa [103]
Dynamic Pure Mg, WE43 HBSS AC, 37°C 1780—1666 — 240 h 0.64 Pa [104]
Dynamic Mg-Zn-Ca, AZ31 DMEM -+ 10%FBS + 1% CCC 2222 recirculation 7 days 0, 0.07,0.15, [105]
P/S 0.31, 0.62 Pa
Dynamic Pure Mg, AZ91, HBSS pHand CO, 514-654 recirculation 166 h n/a [106]
ZE41 controlled
Dynamic/stirring Pure Mg PBS and HBSS AC, 37°C 80 stirring 120s Rotatory disc  [107]
Dynamic Pure Mg SBF AC, 37°C 110—132 recirculation 1,2,3d 0.025, 0.4, [108]

0.8 mL/min
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Table 3
Available in vitro recommendations observing the V/A ratio to apply.

DIN EN ISO 10993-12 (2007)

Biological evaluation of medical devices - Part

12: Sample preparation and reference materials
Volume/area (mL/cm?)+10% 0.17—0.8 (depending on the shape)
Volume/mass (mL/g) + 10% 5—10 (depending on the shape)

ASTM G31-72 (2004)

Standard Practice for Laboratory Immersion

Corrosion Testing of Metals

Volume/area (mL/cm?) 20-40

V/A ratio proposed by both standards (Table 3) indicates the ne-
cessity to standardise the in vitro set-up and also explains some
geographic differences. Besides, the ASTM standard points out the
importance of the V/A ratio and the immersion time in order to
prevent or consider possible distortions of the test conditions.

Some authors have proven the influence of the V/A ratio on the
degradation rate under static conditions [5,111], revealing a limit on
the ratio above which the degradation rate is independent of the V/
Aratio [112], that is also shown in Fig. 6 (A). This has been explained
by the limited capacity to absorb the change in pH generated by the
magnesium cathodic reaction [106,113]. This effect is depicted in
Fig. 6 (B), where the amount of OH™ in the medium calculated over
the immersion time at different V/A ratios shows the influence of
the volume in the OH™ released.

The alkalinization of the surface environment promotes a
decrease in the solubility of compounds that will conform the
degradation layer under simulated physiological solutions (e.g.
Mg(OH), [112], MgCOs [114,115], CaCOs [116,117], Mg3(PO4), or
Cas(PO4)3(0OH) [118,119]). This decrease in solubility causes the
precipitation of oversaturated substances as degradation layer,
which in turn is responsible for the passivation of the magnesium
surface under alkaline conditions. This alkalinization process
should be considered even for buffered degradation mediums
when a low V/A ratio is applied [68]. Due to the static conditions
limitations on the diffusion of OH™ and buffering species are
induced that take place on the surface [120,121] and the depen-
dence of the buffer capacity on the volume of the buffer [122]. For
the above-mentioned reasons, the selected V/A ratio applied in
static in vitro tests should be reported to facilitate the comparison
between experiments. According to the ASTM G31-72 standard and
the literature reviewed in Table 2, the selected V/A ratio should be
high enough to avoid the alkalinization of the medium for the
immersion time proposed as shown in Fig. 6 (A).

The implementation of the buffering system provided by cell
culture conditions (CO,/HCO3) and the so-called semi-static
methodology applied by previous authors [98] to mimic the fluid
exchange in the implantation site will lead to more comparable
results due to less influence of the set-up methodology (pH and
concentration variation).

3.2. Dynamic conditions

Apart of the already discussed application of physiological
conditions, one other major reason for the in vitro and in vivo
miscorrelation is the influence of the flow conditions
[107,108,120,121,124—126]. The non-well-studied mechanisms that
contribute to a general higher degradation rate under dynamic
conditions are currently attributed to (I) a high V/A ratio and (II)
mass transfer phenomena. Regarding point (I) - due to the more
complex set-up (including a reservoir, tubing apart from the
degradation chamber), the applied V/A ratio is higher than under
static conditions. As discussed above, this leads to a higher buffer
capacity and lower possibilities to reach a saturation or depletion of

relevant components. Under dynamic conditions, the degradation
medium volume enclosed in the testing chamber/cell has much
lower relevance than observed under static conditions. The total
volume circulated through the testing chamber and the possibility
of recirculating fresh medium become more relevant to achieve a
reproducible environment (Fig. 7).

(II) Due to the application of flow, the convective component
increases, which is under static conditions only induced by the H,
evolution. The flow reduces the layer thickness, and the kinetics of
the electrochemical process (cathodic and anodic reaction) is pro-
moted due to a faster mass transfer in the interface between the
surface and the bulk medium. However, there is a relative
consensus that the applied flow rate is not enough to describe the
hydrodynamic conditions surrounding the sample. The design of
the testing chamber/cell translates the flow rate applied by the
pumping system into a specific hydrodynamic pressure represen-
tative of the mass transfer processes on the material surface. To
measure this hydrodynamic pressure, current authors have been
concurred into analysing the flow-Induced shear stress (FISS)
generated by the flow into the testing chamber. This hydrodynamic
pressure increases the degradation rate when dynamic conditions
are applied compared to static conditions at equal V/A ratios [124].
However, the degradation layer and the degradation morphology is
also affected by the dynamic conditions. The changes in the mass
transfer can (I) affect the kinetics of CaPs precipitation by changing
the concentration of Mg?* at the local surface [104], (II) modify the
local chloride ion concentration, (IIl) generate a drag or peel-off
effect on the degradation layer and (IV) modulate the local pH on
the material surface by an increase of the FISS [104,121,126].

In summary, to be able to compare results and gain more insight
into the mechanisms of flow influence, dynamic immersion set-ups
should be defined by the following parameters:

- V/A ratio (in the whole system)

- Kind of flow (intermittent or continuous)

- Flow rate (correlated with the FISS generated)

- Chamber design and FISS generated on the surface of the
material

- Flow regime. As the Reynold number presented in most of the
physiological fluids are moderate (below 1000), laminar flow is
assumed when computational methods are applied [128].

4. Why and what can be measured? Reliable and predictive
measurements or not?

The highly simplified general degradation process shown in
Fig. 8. Degradation of Mg releases ions and products into the me-
dium used which in turn generates a mass loss of the sample. On
the other hand, the environment on the interface sample/degra-
dation medium (pH, temperature and concentrations) promote the
degradation layer build up by the combination of species derived
from the medium (e.g. Mg+, Ca**, HCO3 and the alloy (Mg?* and
alloying elements)).

4.1. Determination of degradation rate

Mass loss measurements are the simplest form of evaluation
available for degrading materials. Mass loss of the immersed
sample is used to determine its degradation rate using ASTM
standard [109]. Here again, the results obtained may vary as the
degradation is influenced by the simulated medium employed. The
degradation products developed on the surface are crucial to con-
trolling the degradation kinetics. Chromic acid treatment (180 g/L
in distilled water) facilitates the removal of the degradation layer
providing an opportunity to visualise the degraded surface
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Fig. 6. A) Mean degradation depth (MDD) on Mg-2Ag over 30 days of immersion under cell culture conditions (37 °C, 20% 02, 5% C02, 95% rH) in «-MEM with the addition of 10%
FBS and 1% P/S for different at different V/A ratios. MDD values on this graph were calculated based on reference [123]. B) Amount of OH™ ions calculated from the pH measured for

the different V/A ratio applied.

a) 2 1

3 4 3

Fig. 7. Dynamic operation set-ups design considering a) constant fresh medium cir-
culation, and b) recirculation of the medium. Adapted from Ref. [127]. (1) Testing
chamber, (2) pumping system, (3) medium reservoir, (4) waist medium reservoir.

morphology [129]. In case of porosity and sub-surface cracks that
appear in the layer, it is possible that Cl~ aggregates might remain
within the layer. During the chromic acid treatment, these aggre-
gates may react with chromic acid and water causing further
degradation that is not desirable in the final stages [130]. Hence,
compounds like silver nitrate (AgNOs; 2 g/L in distilled water) is
added to chromic acid to reduce these deleterious effects. Most of
the alloying elements are inert in contact chromic acid, however
certain elements like silicone, zirconium and others may interact
with chromates [131,132]. Therefore, it is of importance to check

~|(©)
Degradation 4

edium ’ [Ca?*, Mg+, HPO,2, HCO5]

[Mg2?+, Alloying, OH-, H;]
A

Y
(B) Degradation Layer

Sample ~
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Fig. 8. General material flow concerning Mg degradation under physiological
conditions.

magnesium alloys for interaction prior to chromic acid treatment.
Also, if e.g. Ag containing Mg alloys are analysed, the addition of
AgNOs3 should be avoided. Another gravimetric method to deter-
mine the degradation rate is the hydrogen generation or eudio-
metric method [133]. As under physiological conditions,
experiments are performed either in a gaseous atmosphere in the
incubator [90], or by gassing of the medium [106]. However, not
many studies have been conducted with eudiometric setups. A
general concern about the validity of this determination of mass
loss/degradation rate should be stated, as (I) magnesium degrada-
tion influences directly the amount of O, and CO; in solution [99]
and (II) many ingredients of physiological solutions have hydrogen-
binding capacities including the medium buffering systems as
stated before. Therefore, if such methods are used, the nature of the
escaped gas should be either validated by e.g. gas chromatography
[134], or the use of sophisticated sensors for hydrogen is proposed
[135].

4.2. pH and ion concentration

The formation of hydroxide layer during initial degradation is
generally accompanied by a transient increase in pH [67] as
exposed in Equation (3). The hydroxide layer is thermodynamically
stable at pH-values higher than 8.3. This assumes a decrease in
degradation rate over time as the layer is attaining stability. How-
ever, the presence of Cl~ ions promotes the formation of water-
soluble MgCl, from the Ilayer, then making degradation
continuing. pH implicitly cannot be a good indicator under physi-
ological conditions as it changes rather quickly between measure-
ment times. This can lead to misinterpretation of the data [112].
Nevertheless, studies on the influence of pH on degradation is of
interest because of the variance in the formed products with
different pH levels in the buffered medium [106,136,137]. The
degradation rate decreases in basic pH regimes compared to the
acidic solutions. This is mainly attributed to the formation of stable
hydroxide layer in the adopted solutions. In many in vitro studies
pH is maintained constant to understand the influence of physio-
logical conditions on degradation (e.g. Ref. [138]).

Detection methods like Flame AAS and ICP mass spectrometry
were employed to monitor the release of Mg and other metal ions
in the cell culture medium during degradation [ 139,140]. Studies on
metal ions release in ZK30 and WE-type Mg alloys with ICP-OES
revealed the increase in Mg ions with a simultaneous drop in Ca
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and P ions release during initial stages of immersion. Zn and Zr
concentrations measured were below 0.001 mmol/L in these
studies [141]. Experiments related to coatings on pure Mg samples
using ICP-AES showed a huge increase in Mg ion release compared
to non-coated pure Mg samples [142] in the extract.

As evident and reliable the ion release technique for inferring
Mg degradation appears, the technique has its difficulties when it
comes to complex solutions or even tissue analysis. The elemental
standards for these chemical methods are not directly transferable
[143]. Often, the presence of other metal ions existing in the sample
solutions interfere with the element of detection. Improper matrix
preparation or the choice of element-specific wavelengths in AAS
can be among the multiple reasons that lead to this ambiguity. With
respect to this, it is important to develop an appropriate matrix
standard method [144].

Osmolality measurements can also provide information about
the amount of released substances into the fluid [145] and is ex-
pected to be directly correlated with the degradation rate of the
alloy. Willumeit-Romer et al. [146] reported that the osmolality
increased even in the presence of medium containing protein
complex. The weakest increase in osmolality over time was re-
ported in deionized water, demonstrating again the influence of the
pH and the buffering system on the degradation process revealed in
this case by differences on the amount of released substances.

5. Conclusion

The analysis of magnesium degradation has made a big step
forward over the last decade leading to models predicting the
in vivo degradation rate. However, the mechanisms are still far from
full understanding and more effort should be taken to determine
these. To reach this goal, the application of physiological conditions
still seems to be a basic requirement. Additionally, such setups
should also be applied in other fields dealing with degrading
materials.
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